Hepatocyte transplantation (HTX) has received great expectation for the treatment of a wide spectrum of liver diseases. Considering the severe shortage of human livers for hepatocyte isolation, porcine hepatocytes are an attractive alternative to normal human hepatocytes. To develop such therapy, establishment of an efficient hepatocyte isolation and transplantation model that enables accurate assessment of safety and efficacy of HTX is extremely important. Porcine hepatocytes were isolated from a surgically removed liver segment with a four-step retrograde perfusion using dispase and collagenase. The resultant hepatocytes of >84% viability were used for transplantation experiment in a pig model of acute liver failure induced by intravenous administration of D-galactosamine (D-gal) (0.5 mg/kg). Twenty-four hours after D-gal injection, transplantation of freshly isolated porcine hepatocytes (1 × 10 9 ) was safely conducted and prolonged the survival of D-gal-treated pigs. We describe an efficient porcine hepatocyte isolation and subsequent cell transplantation in pigs with D-gal-induced liver failure.
INTRODUCTION
and 3) establishment of models allowing assessment of safety and effectiveness of such cell therapies. Toward Although hepatocyte transplantation (HTX) has inthe goal, we report efficient hepatocyte isolation from a creasingly been recognized as a part of curative therapy surgically resected liver specimen and subsequent transin some forms of liver diseases, only a few patients can plantation of the primarily isolated hepatocytes into the benefit from this form of therapy due to the worldwide liver of pigs with liver failure (18). shortage of donor livers for hepatocyte isolation. It is unlikely that the number of organ donations will in-MATERIALS AND METHODS crease significantly in the near future. At the present Animals time it is difficult to maintain enough donor organs re-All procedures performed on animals were approved quired for HTX. For the development of this form of the by the Okayama University Institutional Animal Care therapy, it is critical to find an attractive alternative to and Use Committee and were within the guidelines for normal human hepatocytes. Investigators have focused humane care of laboratory animals. on the use of hepatic stem cells (14) , bone marrow-derived cells (13) , human embryonic stem cells (12,15), and por-Partial Resection of a Porcine Liver cine hepatocytes (16). Several issues should be addressed to facilitate such cell-based biological therapies.
Landrace male pigs, weighing 10-15 kg, were used for the hepatocyte isolation experiments. The animals were These include: 1) establishment of an effective cell isolation procedure, 2) achievement of an efficient gene put under sedation using 10 mg/kg of ketamine hydrochloride (Sankyo Co., Tokyo, Japan). Intravenous ad-transfer technique into the isolated and cultured cells (8), 594 MARUYAMA ET AL. ministration of 0.5 mg/kg of droperidol and 0.08 mg/kg Induction of Hepatic Failure in Pigs of pancuronium bromide was conducted to achieve mus-Landrace male pigs (7 kg) were used as recipients cle relaxation via a left auricular vein and the animals for HTX experiment. An atom multipurpose tube (6 Fr.) underwent mechanical ventilation (Shinano Co., Tokyo, (Atom Medical Co., Tokyo, Japan) was surgically in-Japan). Under general anesthesia using sevoflurane (Daiserted into a left external jugular vein for D-galactosnippon Pharmaceutical, Osaka, Japan), a midline inciamine (D-gal) (Sigma) injection under general anesthesion was made in the upper abdomen and the liver was sia, as described above. At the same time, the spleen exposed. After ligating blood vessels in the root of the was exposed after abdominal incision. An atom tube of lateral lobe of the liver, the hepatic lateral segment was 6 Fr. was inserted from a branch of the splenic vein and surgically resected in a sterile manner and subjected to the tip of the tube was placed in the main portal vein hepatocyte isolation.
via for HTX. After closing the abdomen, IV administration of 0.5 g/kg of D-gal was conducted via the jugular Isolation and Culture of Porcine Hepatocytes route. Both of the tubes were flushed with 1000 U of heparin (Aventis, Tokyo, Japan) to prevent blood clot-The resected liver was perfused from the exposed ting, capped, and then subcutaneously embedded for the vessels using a 10-ml pipet (BD Biosciences, San Jose, following HTX experiment. CA), as shown in Figure 1A . The liver was perfused with the primary perfusate (NaCl 9 g/L, KCl 0.42 g/L, Transplantation of Primarily Isolated NaHCO 3 2.1 g/L, glucose 0.9 g/L, HEPES 4.78 g/L, Porcine Hepatocytes and EDTA 0.37 g/L), followed by perfusion with the Twenty-four hours after D-gal injection, pigs were second perfusate without EDTA (NaCl 9 g/L, KCl 0.42 randomly divided into the following two groups. The g/L, NaHCO 3 2.1 g/L, glucose 0.9 g/L, and HEPES 4.78 isolated porcine hepatocytes (1 × 10 9 ), which were dig/L). The liver was then perfused with dispase solution luted with 100 ml of phosphate-buffered saline (PBS), [NaCl 9 g/L, KCl 0.42 g/L, NaHCO 3 2.1 g/L, glucose were infused via the atom tube placed in the portal vein 0.9 g/L, HEPES 4.78 g/L, and dispase 8.4 g/L (Godo at the rate of 2 ml/min in group 1 pigs (n = 2). As a Shusei Co., Ltd, Tokyo, Japan)] heated at 39°C. Finally, control, 100 ml of PBS without the cells was infused in the liver was perfused with collagenase solution [NaCl group 2 pigs (n = 5) with the same procedure of HTX. 9 g/L, KCl 0.42 g/L, NaHCO 3 2.1 g/L, glucose 0.9 g/L, Hemodynamic parameters, including heart rate, body HEPES 4.78 g/L, collagenase 0.5 g/L (Nitta Gelatin temperature, and central venous, arterial, and portal pres-Inc., Osaka, Japan), and CaCl 2 2H 2 O 0.55 g/L]. After colsures, were continuously monitored using a biomedical lagenase perfusion, the liver capsule was cut for the cells research system LEG1000 (Nihon Kohden Co., Tokyo, to be dispersed. The cell-containing suspension solution Japan). Liver biopsy was performed 2 days after HTX was filtered with a 75-µm mesh and centrifuged at 50 × g for histological examination. The obtained samples were for 2 min. The cell pellet was redispersed in the washing fixed and subjected to hematoxylin and eosin stain. solution [NaCl 7 g/L, KCl 0.46 g/L, CaCl 2 2H 2 O 0.13 g/L, HEPES 2.38 g/L, BSA 1.0 g/L (Sigma, St. Louis, RESULTS MO)] and centrifuged at 50 × g for 75 s. The washing procedure was repeated three times for the cell trans-Isolation of Porcine Hepatocytes plantation experiment. For microscopic examination, the A total of nine hepatocyte isolations were performed, primarily isolated porcine hepatocytes were cultured in as shown in Table 1 . The viability of porcine hepatosix-well plates (Biocoat, Becton Dickinson Labware) cytes ranged from 54% to 96%. In the latest five cases, coated with collagen type I at the cell density of 1 × 10 6 hepatocyte viability was constantly more than 90% ( Macroscopically, the liver of the pigs with D-gal treatment was discolored and enlarged, as shown in Fig- 
Viability of Primarily Isolated Porcine Hepatocytes
ure 2A, compared with that of the normal pigs (Fig. 2B) . Intra-abdominal ascites and stomach and intestines filled The resulting hepatocyte suspension (0.2 ml) was diluted with an equal amount of 0.1% trypan blue solution with gas were observed in the D-gal-treated pigs ( Fig.  2A) . Histological examination showed massive hemor-to measure hepatocyte viability. Hepatocytes with ≥84% viability assessed by a trypan blue exclusion test were rhage and extensive necrosis of the hepatocytes in the liver of these pigs (Fig. 2C) . used for hepatocyte transplantation (HTX) experiment. revealed the presence of the transplanted hepatocytes in the small branches of the portal vein (Fig. 5 ). The *Used for hepatocyte transplantation experiment. host liver showed considerable necrosis and hemor-gators at Geron Corporation have currently demonstrated that human ES cells can be differentiated into rhage.
hepatocyte-like cells in vitro using sodium butyrate (12).
Survival of the Pigs
Multipotent adult progenitor cells (MAPCs) have been identified in human bone marrow and were demonstrated All of five control pigs died of acute liver failure, demonstrating hemorrhage and jaundice at 47, 56, 66, to differentiate into the functional hepatocyte-like cells in the presence of hepatocyte growth factor (HGF) and 74, and 76 h after D-gal administration; in contrast, pigs with HTX completely recovered from liver failure and basic fibroblast growth factor (bFGF)-4 (13) . These cells would be an attractive candidate for developing HTX; survived.
however, one should keep in mind that neither transdif-DISCUSSION ferentiation nor malignant formation of such cells in vivo can be guaranteed. Stem cell biology should be When considering liver-targeted cell therapies, alternatives to normal human hepatocytes include embryonic well characterized prior to the clinical application. Porcine hepatocytes are an important option as the stem (ES) cells, small hepatocytes, hepatic stem cells, bone marrow-derived cells, human hepatocytic cell lines, source of HTX. In fact, porcine hepatocytes have already been used in several clinical trials, such as bioar-and porcine hepatocytes. Cell therapies using stem cell biology is attracting great attention. Theoretically, ES tificial livers (1) . Furthermore, researchers have made great efforts to create humanized pigs (5) . Since 1997, cells can be induced to differentiate into various types of cells under specific culture conditions and, therefore, on the other hand, infection of human cells with the endogenous porcine retrovirus (PERV) has raised the issue have been a focus of a potential source for HTX. Investi- Figure 5 . Histology of the liver obtained from pigs with An atom multipurpose tube of 6 Fr. was inserted from a branch HTX. Transplanted hepatocytes were identified in the small of the splenic vein and the tip of the tube was placed in the portal veins in the liver specimen obtained on day 3 of HTX main portal vein for cell transplantation.
(H&E stain, original magnification ×100).
of transmission of pig-derived pathogens to humans rently available cloning technology. In the process to (9, 11, 17) . Even if PERV infected cultured human cells, address these problems step by step, establishing an effiit does not necessarily indicate that the virus can be dicient technique of cell isolation seems to be meaningful. rectly transferred into humans. In fact, a previous report
In the present study, we established an excellent from Novartis in 1999 did not include any evidence of method of isolating porcine hepatocytes from a surgi-PERV infection in a total of 160 patients receiving thercally resected specimen with a four-step dispase and colapies with porcine organs, tissues, and cells (10) . It would lagenase digestion. When the resected liver weight exbe desirable, in the future, to create a knockout pig in ceeded 120 g, homogeneous perfusion was not achieved, which retrovirus genes are completely destroyed. Reresulting in decreased cell viability and yield. To evalusearch is now under way to determine how many kinds ate the in vivo function of isolated porcine hepatocytes, of retrovirus genes are included in the chromosome in we transplanted the cells into the liver of pigs with acute the pig. Although totipotent porcine ES cells have not liver failure induced by D-gal. We chose D-gal for a been established, it is highly possible that such a knockliver failure model that seems to be closer to the clinical out pig can be created from somatic cells using a cursituation, because the use of D-gal allowed the damaged liver to release toxins, chemicals, and inflammatory cytokines. The optimal dose of D-gal for this HTX experiment was determined to be 0.5 g/kg from our preliminary studies of 20 pigs. The dosage of D-gal used by other investigators ranged from 0.75 to 1.0 g/kg (6, 7) . The difference in the dose of D-gal for liver failure may be affected by the kind and/or body weight of pigs used. Hepatocytes (1 × 10 9 ) were safely transplanted into the liver without any considerable complications and successfully bridged for D-gal-treated pigs to recover from liver failure. Our procedure demonstrated here would be applicable to autologous HTX for the treatment of some forms of metabolic liver diseases in humans (2) (3) (4) .
In conclusion, we have demonstrated an efficient isolation of porcine hepatocytes from a surgically resected liver specimen and subsequent successful transplantation into the liver of pigs with liver failure induced by D-gal.
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